Background {#Sec1}
==========

Plant growth together with stress tolerance and flowering traits are known to be orchestrated in a complex and interdependent molecular manner. Water supply, temperature and soil quality have been shown to be the most relevant abiotic factors which significantly affect these traits \[[@CR1]\]. During the last decade, naturally occurring genetic and phenotypic variation of *Arabidopsis thaliana* has been shown to be a promising tool for studying the molecular architecture of such physiological traits. On the cellular level, abiotic stress affects the integrity of membrane systems, transport proteins, metabolic enzymes and signalling compounds, ultimately leading to disfunctions in cellular metabolism which directly impair plant growth and development. Previous studies have shown and discussed significant differences in naturally occurring stress tolerance, morphology, developmental programming and flowering of *Arabidopsis thaliana* \[[@CR2]--[@CR9]\].

Low temperature belongs to one of the most important abiotic factors limiting the geographic distribution of plants. In many temperate species, the exposure of plants to low but non-freezing temperatures initiates a process termed cold acclimation resulting in increased freezing tolerance \[[@CR10]\]. The process of cold acclimation is a multigenic trait being characterized by a comprehensive reprogramming of the transcriptome, proteome and the metabolome, but also of enzyme activities and the composition of membranes \[[@CR3], [@CR11]--[@CR17]\]. Particularly, reprogramming of primary metabolism plays a crucial role during cold acclimation leading to a changed photosynthetic activity and the accumulation of soluble sugars, amino acids and polyamines. Concentrations of the di- and trisaccharide sucrose and raffinose, respectively, have been shown to correlate well with winter hardiness in several plant species \[[@CR18], [@CR19]\]. Further, several roles for sugars in protecting cells from freezing injury have been proposed \[[@CR10]\]. Yet, soluble carbohydrates have been shown to be insufficient to fully describe the development of freezing tolerance \[[@CR20]\]. While sugar levels are often found to positively correlate with freezing tolerance, the underlying regulatory mechanisms are poorly understood. On a whole plant level, it remains elusive whether sugar accumulation may result from reduced sink activity, because growth retardation at low temperatures is stronger than the reduction of photosynthetic activity \[[@CR21]\]. Additionally, it is not clear whether sugars function as cryoprotective substances or because they are substrates for the cryoprotectant synthesis \[[@CR19]\].

Together with sugars, also pools of organic and amino acids are significantly affected during cold-induced metabolic reprogramming. Aspartate, ornithine and citrulline were found to increase during cold exposure of *Arabidopsis thaliana* indicating the reprogramming of the urea cycle \[[@CR14]\]. Beyond, the authors observed a cold-induced increase in levels of alpha-ketoglutarate, fumarate, malate and citrate which they suggested to result from an up-regulation of the citric acid cycle. Although many observations revealed an increase of metabolite levels to be characteristic for cold acclimation, the magnitude of changes in the metabolome does not necessarily indicate the capacity of *Arabidopsis* to increase its freezing tolerance \[[@CR12]\]. A prominent example which shows the possible discrepancy between metabolic reprogramming and gain of freezing tolerance is the comparison of the freezing sensitive natural accessions Cvi, which originates from Cape Verde Islands, and C24, originating from the Iberian Peninsula. Both accessions similarly increase their freezing tolerance during cold acclimation while concomitant metabolome changes were found to differ dramatically \[[@CR3]\]. It might not be surprising that the coordination of a complex trait like freezing tolerance cannot be directly related to one certain metabolic output, but, simultaneously, this observation indicates a high level of plasticity which is characteristic for intraspecific molecular responses to environmental cues. In this context, most of the naturally occurring biochemical mechanisms and metabolic regulatory strategies to acclimate to low temperature still remain elusive.

Plant growth is significantly reduced due to cold exposure. Although low temperature significantly affects metabolic processes and resource allocation, growth is not necessarily limited by photosynthetic activity. Following a period of 1 to 3 days after exposure to low temperature, during which cold stress is sensed and acclimation is initiated, rates of photosynthetic carbon assimilation can be almost fully recovered \[[@CR22]\]. Together with the finding that growth is affected more significantly than photosynthesis during exposure to water deficit \[[@CR23]\], this indicates that growth during stress exposure might rather be limited by sinks than sources. Such a cold-induced sink limitation has been discussed to be the reason for the characteristic accumulation of sugars during cold exposure. Although high levels of sugars have been shown to potentially repress the expression of photosynthetic genes \[[@CR24], [@CR25]\], cold acclimation and development at low temperature was found to reduce or even fully revert this effect \[[@CR26]--[@CR28]\]. Additionally, cold acclimation was found to have a significant effect on leaf respiration of *Arabidopsis thaliana* \[[@CR29]\]. Both respiration rates in the light and in the dark were described to increase significantly during cold acclimation, while the more pronounced effect was found for respiration in darkness. Moreover, although cytosolic hexose phosphate concentrations increased dramatically, there was no significant correlation observed with respiration in the light indicating that respiration is not limited by substrate availability under low temperature stress \[[@CR29]\].

Although the above-mentioned findings only represent an excerpt from current findings about growth regulation and cold acclimation strategies in *Arabidopsis*, it clearly indicates a highly complex and interlaced relationship between metabolic and physiological consequences of low temperature. Systems biology focuses on such complex questions and has become a rapidly expanding and attractive research area during the last decade \[[@CR30]\]. In a systems biology approach, elements of an interaction network, e.g. a metabolic map, are rather analysed and discussed as interacting components than isolated parts in order to improve the understanding of how a complex biological system is organized and regulated \[[@CR31]\].

Research on plant freezing tolerance, growth regulation and plant systems biology has largely been driven by studies in *Arabidopsis thaliana*. The species is native to Europe and central Asia, its biogeography was described in detail, and it was shown that climate on a global scale is sufficient for shaping the range boundaries \[[@CR32]\]. When compared to other *Brassicaceae* species, *Arabidopsis* has a wide climatic amplitude and shows a latitudinal range from 68 to 0°N, which makes it suitable for the analysis of variation in adaptive traits \[[@CR33]\]. *Arabidopsis* represents a predominantly selfing species, and, hence, most of the individual *Arabidopsis* plants collected in nature represent homozygous inbred lines \[[@CR34]\]. These homozygous lines are commonly referred to as accessions, representing genetically distinct natural populations that are specialized to particular sets of environmental conditions. The variation of morphological and physiological phenotypes enables the differentiation of most of the collected *Arabidopsis* accessions from others. In particular, considering the tolerance to abiotic factors, e.g. low temperature, a large variation has been reported (e.g. \[[@CR33]\]), making *Arabidopsis* an attractive system to study plant-environment interactions.

In the present study, two of these *Arabidopsis* accessions were analysed with respect to naturally occurring variation in the traits of growth regulation and freezing tolerance. The selection of the two accessions, Cvi (origin: Cape Verde Islands) and Rschew (origin: Western Russia), was based on findings of previous studies which have shown that Cvi represents a freezing sensitive accession while Rsch is freezing tolerant (e.g. \[[@CR35]\]). Based on this finding and due to their large distance with respect to geographical origin, cold acclimation capacity and cold-induced gene regulation \[[@CR3]\], the molecular and biochemical study of both accessions can be expected to provide a suitable approach to quantify strategies of growth maintenance during environmental fluctuations. As previous work has already indicated, a multi-layered design of molecular physiological studies was necessary in order to derive coherent conclusions on a genome-wide level \[[@CR11], [@CR36]\]. Thus, the present study aimed at a comprehensive characterization of metabolomic, proteomic and phosphoproteomic levels of both natural accessions to unravel differential strategies of growth regulation in a changing environment.

Results {#Sec2}
=======

Differential growth of Cvi and Rsch during cold acclimation {#Sec3}
-----------------------------------------------------------

Growth behaviour of both accessions was characterized by recording the total fresh weight of leaf rosettes from 15 independently grown plants for each acclimation state, i.e. the non-acclimated (na) and acclimated (acc) state (Fig. [1a](#Fig1){ref-type="fig"}). Analysis of variance (ANOVA) revealed a significantly higher fresh weight of Rsch plants before (na) and after (acc) cold acclimation compared to Cvi (Fig. [1b](#Fig1){ref-type="fig"}). Additionally, plants of the accession Rsch were found to increase their fresh weight significantly (\~1.6-fold) during cold acclimation while this was not observed for Cvi (Fig. [1b](#Fig1){ref-type="fig"}; Remark: when applying Student's t-test, the increase in fresh weight of Cvi was detected to be significant; *p* = 0.018). Furthermore, cold acclimated plants of Cvi did not differ in their fresh weight compared to non-acclimated plants of Rsch. Most distinct differences in fresh weight, which we interpreted in terms of an average growth rate \[[@CR37]\], were observed between cold acclimated plants of Rsch and Cvi (Ratio \>2).Fig. 1Comparison of shoot fresh weight. **a** Absolute shoot fresh weight of accessions Cvi and Rsch before (na, black bars) and after (acc, grey bars) cold acclimation. Error bars represent means ± SE (*n* = 15). **b** Ratios of mean shoot fresh weights. Asterisks indicate significance tested in an ANOVA (\*\* *p* \< 0.01; \*\*\* *p* \< 0.001)

Integrative profiling of metabolites, proteins and phosphoproteins during cold acclimation {#Sec4}
------------------------------------------------------------------------------------------

For a comprehensive molecular characterization of both accessions, the metabolome, proteome and the phosphoproteome, i.e. phosphopeptide abundance, was analysed applying an integrative analytical GC-MS and LC-MS platform \[[@CR38]--[@CR43]\]. Statistical dimensionality reduction by Principal Component Analysis (PCA) revealed a clear separation of both accessions and acclimation states on all levels of molecular organization (Fig. [2](#Fig2){ref-type="fig"}). In the non-acclimated state, the accessions were not separated by metabolite profiling including the main components of C/N leaf metabolism. (Fig. [2a](#Fig2){ref-type="fig"}). In contrast, after cold-acclimation both accessions were significantly separated (Fig. [2a](#Fig2){ref-type="fig"}). Levels of soluble sugars, threonic acid, citrate, succinate, malate, fumarate, glutamate, proline and aspartate were found to be significantly higher in Rsch, while a high level of transitory starch was found to be characteristic for Cvi (Fig. [3a, b](#Fig3){ref-type="fig"}; Additional file [1](#MOESM1){ref-type="media"}: Table S1; Additional file [2](#MOESM2){ref-type="media"}: Figure S1).Fig. 2Principal component analysis (PCA) on levels of (**a**) the primary C/N-metabolome, (**b**) protein abundance, and (**c**) phosphopeptide abundance. Accession samples are represented by filled circles (Cvi) and filled diamonds (Rsch). Blue colour indicates non-acclimated samples, black colour indicates acclimated samples. Detailed information about loadings and explained variances of the PCA as well as absolute levels of metabolites, relative levels of proteins and phosphopeptides are provided in the supplementsFig. 3The primary metabolome in cold-acclimated leaf samples of accessions Rsch and Cvi. **a** Ratios of metabolite levels which were built by dividing the absolute mean values of metabolite levels of Rsch by levels of Cvi which were assessed by a GC-TOF/MS measurement (see [Methods](#Sec9){ref-type="sec"} *-* [GC-MS Metabolite Analysis](#Sec11){ref-type="sec"}; *n* = 3). Asterisks indicate significant differences as described in the figure. Grey-coloured metabolites were not experimentally analysed. **b** Absolute starch levels in non cold-acclimated (blue bars) and cold acclimated (red bars) leaf samples of Cvi and Rsch (*n* = 3). Asterisks indicate significant differences (\* *p* \< 0.05; \*\* *p*\<0.01; \*\*\* *p* \< 0.001)

On the proteome level, PCA revealed a clear separation of both accessions and conditions (Fig. [2b](#Fig2){ref-type="fig"}). Accessions were separated on PC1 while the acclimation process became visible on PC2. Although the explanatory power of PC1 was only about 8 % higher than that of PC2 (Additional file [3](#MOESM3){ref-type="media"}: Figure S2), this indicated that the strongest observable effect in the proteome was due to accession-specific differences followed by changes induced by the cold acclimation process. The strongest observed accession-specific separation in the proteome appeared due to differences in carbohydrate metabolism, amino acid metabolism, abiotic stress-related proteins, protein synthesis and degradation, sulphur assimilation (ATP-sulfurylase, ATP-S), glucosinolate biosynthesis, and redox regulation (Additional file [4](#MOESM4){ref-type="media"}: Table S2). Particularly, relative alpha- and beta-amylase enzyme levels, i.e. alpha-amylase-like 3 (AMY3; AT1G69830) and chloroplast beta-amylase (BAM3; AT4G17090), showed a differential pattern in both accessions (Fig. [4](#Fig4){ref-type="fig"}). While AMY3-levels were found to be constitutively higher in Rsch (Fig. [4a](#Fig4){ref-type="fig"}), levels of BAM3 showed an acclimation-dependent decrease in Cvi (Fig. [4b](#Fig4){ref-type="fig"}). Levels of isoamylase 3 (ISA3; AT4G09020) were found to significantly increase during cold acclimation in Rsch while no significant change in ISA3-levels was observed for Cvi (Fig. [4c](#Fig4){ref-type="fig"}).Fig. 4Relative protein levels of amylase enzymes in non cold-acclimated (na) and cold-acclimated (acc) leaf samples. **a** Levels of alpha-amylase-like 3 (AMY3; AT1G69830), and (**b**) Levels of chloroplast beta-amylase (BAM3; AT4G17090), and (**c**) Levels of isoamylase 3 (ISA3; AT4G09020). Blue colour indicates the accession Cvi, red colour indicates the accession Rsch (*n* = 3). Filled bars represent means ± SD of na samples, hatched bars represent means ± SD of acc samples. Asterisks indicate significant differences between accessions (\* *p* \< 0.05; \*\* *p* \< 0.01). Abundances were normalised to total protein content of the sample

In addition to this accession-specific effect, the cold acclimation process most significantly affected proteins related to processes involved in photosynthetic light reactions and the Calvin cycle (Additional file [4](#MOESM4){ref-type="media"}: Table S2). PCA revealed a very pronounced cold acclimation-induced effect for levels of the ribosomal 40 and 60S subunit (see Additional file [4](#MOESM4){ref-type="media"}: Table S2) indicating a systematic reprogramming of the translational machinery in both accessions (Fig. [5](#Fig5){ref-type="fig"}). A detailed list of ribosomal components is provided in the supplements (Additional file [5](#MOESM5){ref-type="media"}: Table S3). In both accessions, levels of several ribosomal protein components were significantly increased after cold acclimation, and this effect was found to be even more pronounced in Rsch than in Cvi (see Additional file [5](#MOESM5){ref-type="media"}: Table S3).Fig. 5Cold-induced increase of the ribosomal 40S and 60S subunit in the *Arabidopsis* accessions (**a**) Cvi and (**b**) Rsch. Colours indicate the different accessions (blue: Cvi; red: Rsch), filled and hatched bars differentiate cold acclimation states (filled: na; hatched: acc). Bars and error bars represent the mean ± SD of relative protein abundance after standardization (zero mean & unit variance, *z-score*). Means ± SD were built from those ribosomal protein compounds which were identified to contribute strongest to the separation of na and acc samples (see PCA in Fig. [2b](#Fig2){ref-type="fig"} and Additional file [4](#MOESM4){ref-type="media"}: Table S2; 60S subunit *n* = 11; 40S subunit *n* = 12)

A full and detailed list of all functional categories of the proteome and their hierarchy concerning the accession- and acclimation-specific separation is provided in the supplements (Additional file [4](#MOESM4){ref-type="media"}: Table S2).

Changes in the phosphoproteome of Cvi and Rsch during cold acclimation {#Sec5}
----------------------------------------------------------------------

Similar to the proteome, also the phosphoproteome, i.e. the detected and quantified phosphopeptide abundances, revealed a stronger separation of accessions compared to acclimation states (Fig. [2c](#Fig2){ref-type="fig"}, Additional file [3](#MOESM3){ref-type="media"}: Figure S2). Yet, also in this context the explained variances by PC1 (accession) and PC2 (acclimation) only differed by \~6 % indicating a similar contribution to the separation. The most dominating accession-specific effects in the phosphoproteome were found to comprise processes of membrane transport and trafficking, modulation of transcription factors and ubiquitination (Additional file [6](#MOESM6){ref-type="media"}: Table S4). In particular, one of the most characteristic and significant differences between Cvi and Rsch could be observed for the phosphorylation levels of BASIC PENTACYSTEINE 6 (BPC6; AT5G42520; Fig. [6a](#Fig6){ref-type="fig"}), a member of a plant-specific transcription factor family. The phosphorylation level was found to be constitutively higher in Rsch compared to Cvi (*p* \< 0.01). In contrast, phosphorylation levels of the plasma membrane intrinsic protein PIP2;3 (AT2G37180) were found to be constitutively higher in Cvi (Fig. [6b](#Fig6){ref-type="fig"}; *p* \< 0.001).Fig. 6Relative abundance of phosphorylated peptides of (**a**) BASIC PENTACYSTEINE 6, and (**b**) plasma membrane intrinsic protein PIP2;3. Colours indicate samples of the two different accessions Cvi (blue) and Rsch (red) before (na; filled bars) and after (acc; hatched bars) cold acclimation. Bars and error bars represent the mean ± SD of relative phosphopeptide abundance (*n* = 3). Asterisks indicate significant differences (\*\* *p* \< 0.01; \*\*\* *p* \< 0.001)

Detected cold acclimation-induced changes in the phosphoproteome, which were displayed on PC2 (Fig. [2c](#Fig2){ref-type="fig"}), revealed a complex pattern of *in vivo* phosphorylation affecting various transcription factors, photosynthetic electron carriers, ribosomal subunits, processes of protein assembly and the cytoskeleton (Additional file [6](#MOESM6){ref-type="media"}: Tables S4 and Additional file [7](#MOESM7){ref-type="media"}: Table S5). The most significant cold acclimation-induced effect on phosphopeptide levels was detected for the protein Cold Regulated 78, COR78 (AT5G52310). In both accessions, relative levels of phosphorylated COR78 peptides were found to be significantly increased after cold acclimation (*p* \< 0.001; Fig. [7a](#Fig7){ref-type="fig"}). Further, a significantly higher phosphorylation level was detected in cold acclimated samples of Rsch compared to acclimated samples of Cvi (*p* \< 0.05). The same pattern was observed for the relative protein abundance of COR78 which was also significantly higher in non-acclimated samples of Rsch (*p* \< 0.05; Fig. [7b](#Fig7){ref-type="fig"}).Fig. 7Relative phosphorylation and protein levels of COR78. **a** Bars represent mean values (±SD, *n* = 3) of relative COR78 (AT5G52310) phosphopeptide abundance. **b** Bars represent mean values (±SD, *n* = 3) of relative COR78 (AT5G52310) protein abundance. Colours indicate the accessions (Cvi: blue; Rsch: red). Filled bars indicate values of non-cold acclimated samples, hatched bars indicate values of cold acclimated samples. Asterisks indicate significant differences (\* *p* \< 0.05, \*\* *p* \<0.01, \*\*\* *p* \< 0.001)

Integrative analysis of metabolism and predicted protein-protein-interaction networks (PPIN) during cold acclimation {#Sec6}
--------------------------------------------------------------------------------------------------------------------

To derive a comprehensive overview of accession-specific and cold acclimation-induced molecular processes, collected experimental information about metabolite, protein and phosphopeptide levels was clustered according to their Euclidean distance after standardization (zero mean & unit variance; Fig. [8a](#Fig8){ref-type="fig"}). While for both Cvi and Rsch clusters could be identified which were not affected by the cold acclimation process (Additional file [8](#MOESM8){ref-type="media"}: Table S8), cold affected proteins were analysed in protein interaction networks predicted by the STRING database (see [Methods](#Sec9){ref-type="sec"}) (Fig. [8b, c](#Fig8){ref-type="fig"}). Both created interaction networks differed clearly in their size. While the cold-response network of the cold-tolerant accession Rsch comprised almost 4000 protein interactions (Additional file [9](#MOESM9){ref-type="media"}: Table S6), the Cvi network only comprised about 500 interactions (Additional file [10](#MOESM10){ref-type="media"}: Table S7). A predominant and common effect of cold acclimation in both accessions was the reprogramming of protein synthesis, i.e. of ribosomal subunits (Table [1](#Tab1){ref-type="table"}). About 65--80 % of all cold-affected protein interactions were found to be related to this functional category. In a more specific context, this finding is also displayed in Fig. [5](#Fig5){ref-type="fig"} showing the cold-induced reprogramming of the ribosomal 40 and 60S subunit. A more contrasting picture between both accessions was observed for proteins and phosphorylation levels associated with processes of protein degradation, Calvin Cycle, photosynthetic light reactions, TCA cycle, amino acid synthesis, photorespiration, redox metabolism, protein folding, glycolysis, and lipid metabolism (Table [1](#Tab1){ref-type="table"}). These processes were found to be involved much stronger in the cold acclimation responsenetwork of Rsch compared to Cvi.Fig. 8Hierarchical cluster analysis and functional protein interaction networks of cold acclimation-induced reprogramming. **a** Hierarchical clustering of *Arabidopsis* accessions, acclimation states, and metabolite, protein and phosphopeptide abundances based on Euclidean distances. Columns represent non-cold acclimated (na) and cold-acclimated (acc) samples of Rsch and Cvi. Rows represent metabolites, proteins and phosphopeptides. Blue rectangles indicate the characteristic compounds which were chosen for reconstruction of the cold-acclimation induced interaction networks (part (**b**) and (**c**)). **b** Protein-protein interaction network of all proteins and phosphoproteins which were found to be involved in the cold acclimation-induced reprogramming of Rsch. **c** Protein-protein interaction network of all proteins and phosphoproteins which were found to be involved in the cold acclimation-induced reprogramming of Cvi. Interaction networks were created using the STRING database for known and predicted protein-protein interactions (setting: highest confidence (0.9); <http://string-db.org/>) \[[@CR85]\]. A detailed list of protein-protein interactions for both accessions is provided in the supplement (Additional file [9](#MOESM9){ref-type="media"}: Table S6 and Additional file [10](#MOESM10){ref-type="media"}: Table S7)Table 1Proteomic adjustment and functions in the cold acclimation of Rsch and CviFunctional Category*Arabidopsis* AccessionRelative contribution to accession-specific cold response \[%\]Protein synthesisRsch65.59Cvi79.47Protein degradationRsch5.81Cvi1.83Calvin cycleRsch4.54Cvi0.34Light reactionsRsch4.01Cvi0.34TCARsch2.76Cvi0.57Amino acid synthesisRsch2.23Cvi1.72Not assignedRsch1.61Cvi0.92PhotorespirationRsch1.40Cvi-RedoxRsch1.23Cvi0.46Protein foldingRsch1.17Cvi0.57GlycolysisRsch1.00Cvi0.23Lipid metabolismRsch1.00Cvi0.23Nucleotide metabolismRsch0.95Cvi-OPPRsch0.91Cvi-StressRsch0.72Cvi5.50GluconeogenesisRsch0.65Cvi-Secondary metabolismRsch0.61Cvi0.23S-assimilationRsch0.40Cvi-Protein targetingRsch0.33Cvi0.46mETCRsch0.32Cvi0.46DNA synthesisRsch0.27Cvi-C1 metabolismRsch0.26Cvi-Major CHO metabolismRsch0.26Cvi-Tetrapyrrole synthesisRsch0.26Cvi1.61TransportRsch0.23Cvi-Misc.Rsch0.20Cvi-N-MetabolismRsch0.20Cvi-Co-factor and vitamin metabolismRsch0.13Cvi0.69SignallingRsch0.13Cvi0.34Amino acid degradationRsch0.12Cvi-Minor CHO metabolismRsch0.12Cvi-Cell cycleRsch0.09Cvi-Protein assembly/Cofactor ligationRsch0.09Cvi0.11RNARsch0.09Cvi3.56Protein PTMRsch0.07Cvi-Biodegradation of xenobioticsRsch0.06Cvi-Protein activationRsch0.06Cvi0.23Hormone metabolismRsch0.04Cvi-Cell organisationRsch0.03Cvi-Metal handlingRsch0.03Cvi-Cell divisionRsch0.01Cvi-All listed categories represent protein functions and their relative portion to all interactions which were identified by the STRING database analysis and which were found to be affected after the cold acclimation process (see Fig. [8](#Fig8){ref-type="fig"})

Discussion {#Sec7}
==========

Cold acclimation of plants represents a multifaceted and multigenic process affecting various levels of molecular organisation, e.g. gene expression, RNA processing or post-translational regulation \[[@CR44], [@CR45]\]. Hence, although numerous comprehensive studies have unravelled many crucial processes being involved in the acclimation process (for an overview see e.g. \[[@CR46]\]), it is not surprising that many gaps still exist in our understanding of how metabolism is reprogrammed, and how the metabolic output is linked to the observed physiological output, e.g. changes in growth and yield. In general, plant growth requires a sufficient supply with energy, water and nutrients and is regulated in response to environmental changes. These environmental cues are sensed and integrated by a highly complex and conserved signalling network \[[@CR47]\].

An efficient balancing of photosynthesis and respiration was shown to be a prerequisite for plant growth \[[@CR48]\] and cold acclimation \[[@CR29]\]. With regard to these two central processes, our findings revealed a more complex cold-induced metabolic reprogramming in the cold tolerant *Arabidopsis* accession Rsch which also showed a significantly higher shoot fresh weight than both non-acclimated and acclimated plants of Cvi (see Fig. [1](#Fig1){ref-type="fig"}). In addition, also glycolysis, TCA cycle and pathways of amino acid biosynthesis were found to be differentially affected by low temperature in both accessions. Together with the observed levels of sugars, organic and amino acids, which were, on an average, significantly higher in acclimated plants of Rsch, this points to a differential cold-induced redirection of carbon equivalents in both accessions. While we cannot experimentally exclude a limitation of CO~2~ uptake as a reason for the lower metabolite levels in cold-acclimated plants of Cvi, there are several indications which rather suggest a differential regulation of carbon allocation to be the reason for the observed phenotype. First, on the level of the total proteome, we could observe a separation of acclimation states but not of accessions by cold-induced protein dynamics related to photosynthetic dark and light reactions (Additional file [11](#MOESM11){ref-type="media"}: Table S9). Second, in a former study, the analysis of the photosynthetic carbon uptake was found to be similar in cold-acclimated plants of cold sensitive and tolerant accessions \[[@CR49]\]. While Nägele and colleagues did not analyse the Cape Verde accession Cvi but the cold-sensitive accession C24 originating from the Iberian Peninsula, further support of this hypothesis is provided by another study in which photosynthetic acclimation of Cvi was compared to the Finnish accession Hel-1, originating from Helsinki \[[@CR50]\]. There, the author found that both accessions, originating from contrasting climates, showed a highly similar capability to acclimate to a broad regime of temperature and irradiance. Another indication for a non-limited CO~2~-uptake is provided by the starch levels which were found to increase to a significantly higher level in Cvi than in Rsch (see Fig. [3](#Fig3){ref-type="fig"}). This agrees with the findings of Guy and co-workers who also described a significantly higher starch level in Cvi compared to Rsch after cold acclimation \[[@CR12]\]. Based on this observation, Guy and co-workers suggested that, following a sufficiently long acclimation period, even in poorly acclimating accessions like Cvi energy constraints do not seem to limit the acquisition of freezing tolerance. Although our growth conditions (5 °C/7d of acclimation/125 μmol m^−2^ s^−1^) do not exactly reflect the growth conditions applied in the study of Guy and co-workers (4 °C/14d acclimation/90 μmol m^−2^ s^−1^), we still observed a similar output of starch metabolism.

To derive an explanation for the observed differences in starch metabolism, which has previously been suggested to be a major regulator of plant growth \[[@CR51]\], the regulation of both starch synthesis and degradation has to be considered. While our study does not account for enzymatic activity, our proteomic results provide evidence for a different regulation of starch metabolism in cold acclimated plants of Cvi and Rsch. While, independently from cold exposure, levels of alpha-amylase AMY3 were found to be constitutively higher in Rsch than in Cvi, a cold-induced significant reduction in the level of beta-amylase BAM3 could only be observed for Cvi, while isoamylase 3, ISA3, was significantly increased only in cold-acclimated plants of Rsch. Alpha-, beta- and isoamylases play crucial roles in starch degradation \[[@CR52]--[@CR54]\], and, hence, these findings hint towards a distinct regulation of starch degradation which was previously discussed to play a decisive role in the process of cold acclimation \[[@CR55], [@CR56]\]. Starch molecules consist of mostly unbranched amylose (alpha-1,4-linked glucosyl moieties) and branched amylopectin (alpha-1,6-linked moieties). While alpha-amylase, hydrolysing the alpha-1,4-glucosidic linkages of starch, plays a central role in the degradation of storage starch in endosperm of germinating cereal seeds \[[@CR57]\], a disruption of AtAMY3 by insertional mutagenesis did not affect starch degradation in *Arabidopsis* leaves \[[@CR58]\]. However, removal of AMY3 in addition to the debranching, alpha-1,6-linkage hydrolysing, enzyme ISA3 was shown to lead to a strong starch excess phenotype \[[@CR54]\]. A triple mutant with an additional removal of limit dextrinase, LDA, which represents another debranching enzyme, was finally shown to result in an effective block of starch breakdown accumulating even higher levels of starch than observed before in the double mutant \[[@CR54]\]. While our presented shotgun proteomics approach could not resolve the cold-induced effect on LDA in either of both accessions, our findings indicate that the combination of constantly lower AMY3-levels in Cvi and a cold-induced increase in ISA3-levels in Rsch might provide an explanation for the higher starch levels observed in cold-acclimated plants of Cvi.

The complete process of (transitory) starch breakdown from the insoluble granule to the soluble compounds maltose and glucose comprises numerous additional steps and classes of enzymes, finally resulting in a complex and tightly (redox) regulated pathway \[[@CR52], [@CR59]\]. Beta-amylases (BAMs) primarily hydrolyse glucan chains, which have been previously released and linearized, liberating maltose \[[@CR52]\]. The multigene family of BAMs in *Arabidopsis thaliana* comprises nine genes, and *BAM3* was shown to encode a catalytically active plastidial enzyme playing a central role in leaf starch degradation at night in mesophyll cells \[[@CR60], [@CR61]\]. Hence, our finding of a significant decrease of BAM3 protein levels in cold acclimated plants of Cvi provides a further explanation for the strong increase of starch levels. The observation of a decrease in BAM3 protein levels contrasts the finding of a cold induced increase of *BAM3* expression \[[@CR56]\]. However, in a recent publication Monroe and co-workers derived a more complex picture in which the authors observed a decline in BAM3 activity after 2d and 4d of cold stress while *BAM3* mRNA levels clearly increased \[[@CR62]\]. Although these results were derived from studies within the genetic background of the Arabidopsis accession Columbia-0, and, hence, might not directly be comparable to the background of Cvi, they indicate the complex interplay of molecular levels of organization during exposure to a fluctuating environment. Such an adaptive and differential regulation of starch metabolism in response to cold was also exemplified in a previous study on the starchless *Arabidopsis thaliana pgm* mutant being deficient in a phosho-glucomutase activity \[[@CR63]\]. In this study, the cold/heat-stress-induced increase of raffinose-family-oligosaccharide levels in the *pgm* mutant plants revealed an unexpected flexibility to adjust central metabolism to temperature stress in the absence of transitory starch.

Based on our investigation of the two natural accessions Rsch and Cvi during cold-acclimation, we suggest that the orchestration of growth and cold acclimation differs significantly in the redirection of photoassimilates between soluble metabolic compounds and the insoluble storage compound starch. In addition, the observation described in a previous study, that the biomass formation in the starchless *pgm* mutant is restricted by high respiratory losses in the root \[[@CR48]\], allows us to hypothesise that the differences we observed in the fresh weight of Cvi and Rsch might also be due to a differential regulation of sink-source interaction both before and after the cold acclimation period. In future studies it would be interesting to analyse whether the observed differences in starch degradation are somehow related to resource allocation and root respiration in both accessions.

In context of *Arabidopsis* cold acclimation, the C-repeat binding factor (CBF) pathway belongs to one of the most intensively studied pathways which has a crucial role in the development of freezing tolerance \[[@CR64]\]. Within minutes after transfer to low temperature, the CBF1-3 \[[@CR65]\], i.e. DREB1a-c \[[@CR66]\], expression is induced. They encode members of the AP2/ERF family of transcription factors recognizing the C-repeat (CRT)/dehydration-responsive element (DRE) being present in the promotors of CBF-targeted genes \[[@CR66]\]. The constitutive overexpression of either CBF1, 2 or 3 alters the expression of cold-regulated (COR) genes resulting in an increase of freezing tolerance without exposure to low temperature \[[@CR67], [@CR68]\]. In the present study, the level of COR78 (AT5G52310) and its phosphorylation were observed to be positively correlated with the acclimation state of both accessions. Further, independent from the acclimation state, protein levels were found to be constitutively higher in Rsch than in Cvi. Interestingly, COR78 transcript abundance was previously discussed to be regulated by sucrose \[[@CR69]\] which would explain our findings of higher protein abundance and sucrose levels in Rsch (see Figs. [3](#Fig3){ref-type="fig"} and [7](#Fig7){ref-type="fig"}). In addition, these observations allow for the speculation about a link between sugar signalling networks and the cold responsive gene regulation which could probably comprise central conserved signalling compounds like the complex and antagonistic interaction network spanned by the kinases Sucrose-non-fermenting-1-Related Protein Kinase 1(SnRK1) and Target Of Rapamycin (TOR) \[[@CR70]\].

Finally, the observation of differentially phosphorylated transcription factors, like the BASIC PENTACYSTEINE (BPC), but also membrane proteins, e.g. PIP2;3 aquaporins which are involved in numerous developmental and growth-regulatory processes \[[@CR71], [@CR72]\], clearly shows the wide range of cellular processes which might contribute to a systematic and differential stress acclimation output in naturally occurring accessions of Arabidopsis. Our results indicate that a comprehensive reprogramming not only of the process of protein synthesis, but also of metabolic pathways regulating the flux of photoassimilates to the TCA cycle and to pathways of amino acid biosynthesis, contributes to the stabilization of a metabolic homeostasis during cold acclimation. Together with previous studies on the stress-induced dynamics of protein phosphorylation patterns, which have, for example, revealed the central role of protein phosphorylation in cold-induced subcellular sugar allocation \[[@CR73]\], and its applicability to crop science \[[@CR74]\], this clearly indicates the necessity for integrative molecular profiling approaches to unravel a comprehensive picture of complex plant acclimation strategies.

Conclusions {#Sec8}
===========

The findings presented in this study provide evidence for a central role of the starch degradation pathway in the molecular orchestration of plant growth and abiotic plant-environment interactions in different natural Arabidopsis accessions. We conclude that manipulation of the starch degradation pathway represents a promising target for improving plant yield and stress tolerance. We hypothesise that stress-induced reprogramming of starch degradation plays a central role in the orchestration of photosynthetic metabolism rather than being a pure consequence from cold-induced metabolic changes. Together with reprogramming of translational regulation and protein synthesis it seems to differentially affect the cold-induced metabolic homeostasis which finally contributes to the observed acclimation output.

Methods {#Sec9}
=======

Plant cultivation and sampling strategy {#Sec10}
---------------------------------------

Plants of *Arabidopsis thaliana* natural accessions Cvi-0 (NASC ID: N1097) and Rsch-0 (NASC ID: N1490; both accessions donated by: Albert Kranz Institute for Molecular Biosciences, Department of Biological Sciences, Johann Wolfgang Goethe-Universität Frankfurt am Main) were cultivated in a growth chamber under controlled conditions. The substrate for plant growth was composed of Einheitserde® ED63 and perlite. Plants were watered daily and fertilized once with NPK fertilization solution (WUXAL®Super; MANNA°-Dünger, Ammerbuch). Light intensity was 75 μmol m^−2^ s^−1^ in a 8/16 h day/night cycle with a relative humidity of 70 % and a temperature of 22 °C/16 °C. 28 days after sowing, light intensity was increased to 125 μmol m^−2^ s^−1^ in a 16/8 h day/night cycle. At bolting stage, which was 43 days after sowing, samples of non-acclimated plants were collected from both accessions at midday, i.e. 8 h after light on. One sample consisted of 3 leaf rosettes. Non-sampled plants were transferred to 5 °C at 125 μmol m^−2^ s^−1^ in a 16/8 h day/night cycle with 70 % humidity. After 7 days at 5 °C, leaf rosettes were sampled as described for non-acclimated plants, i.e. each sample consisted of 3 leaf rosettes. At this growth stage, both accessions had induced inflorescence which was slightly higher (\<1 cm) in Cvi than in Rsch. All samples were immediately quenched in liquid nitrogen. Sample material was stored at −80 °C until use.

GC-MS metabolite analysis {#Sec11}
-------------------------

Frozen sample rosettes were ground to a fine powder with pestle and mortar under frequent cooling with liquid nitrogen. Polar metabolites were extracted and chemically derivatized as described previously \[[@CR75], [@CR76]\]. Gas chromatography coupled to mass spectrometry (GC-MS) analysis was performed on an Agilent 6890 gas chromatograph (Agilent Technologies®, Santa Clara, CA, USA) coupled to a LECO Pegasus® 4D GCxGC-TOF mass spectrometer (LECO Corporation, St. Joseph, MI, USA). Compounds were separated on an Agilent HP5MS column (length: 30 m, diameter: 0.25 mm, film: 0.25 μm). Deconvolution of the total ion chromatograms was performed using the LECO Chromatof® software. For absolute quantification of metabolites, peak areas were compared to calibration curves within a linear range of detection. Compound names, retention indices and mass-charge (m/z)-ratios which were used for peak quantification are provided in the supplements (Additional file [12](#MOESM12){ref-type="media"}: Table S10).

Protein extraction, phosphopeptide enrichment and LC-MS analysis {#Sec12}
----------------------------------------------------------------

Total protein was extracted from 1 g of ground plant material as previously described \[[@CR77]\]. Protein pellets were dissolved in 8 M urea/100 mM ammonium bicarbonate (AmBic) and protein concentration was determined with the Bio-Rad Bradford Assay using BSA as a standard. 1050 μg of total protein per sample were first reduced with dithiothreitol (DTT) at concentration of 5 mM at 37 °C for 45 min. Cysteine residues were alkylated with 10 mM iodoacetamide (IAA) in darkness at room temperature (RT) for 60 min. Alkylation was stopped by increasing DTT concentration to 10 mM and incubating in the dark at RT for 15 min. Proteins were first pre-digested with Lys-C (1:1000 w:w) at 30 °C for 5 h. Then the urea concentration was diluted to 2 M with 50 mM AmBic/10 % acetonitrile (ACN).CaCl~2~ was added to a final concentration of 2 mM. Trypsin digestion (Poroszyme immobilized trypsin; 1:100 v:w) was performed at 37 °C overnight. Protein digests were desalted with C18 extraction materials (Agilent Technologies, Santa Clara, USA) and carbon graphite solid phase extraction (SPE) materials as described elsewhere \[[@CR78]\]. After both SPEs, corresponding eluates were pooled, split in two tubes (50 μg for total proteomics and 1000 μg for phosphopeptide enrichment) and dried in a vacuum concentrator. Phosphopeptide enrichment was performed using 10 mg of TiO~2~ (Glygen Corp.) as described previously \[[@CR40], [@CR79]\].

One microgram of total protein was separated on a PepMap RSLC 75 μm × 50 cm column (Thermo Fisher Scientific Inc., Waltham, USA) using a 120 min linear gradient from 2 to 40 % of mobile phase B (mobile phase A: 0.1 % \[v/v\] formic acid (FA) in water; mobile phase B: 0.1 % \[v/v\] FA in 90 % \[v/v\] ACN) with 300 nL/min flow rate. MS analysis was done with an Orbitrap Elite instrument (Thermo Fisher Scientific Inc., Waltham, USA) using a data-dependent acquisition method. Precursor masses at range 350--1800 Th were measured in the Orbitrap mass analyser with a resolution of 120 000, 1 × 10^6^ ion population, and 200 ms injection time. MS/MS analysis was done in the linear ion trap with CID fragmentation and rapid scan mode for the 20 most intense ions. Prediction of ion injection time was enabled and the trap was set to gather 5 × 10^3^ ions for up to 50 ms. Dynamic exclusion was enabled with repeat duration of 30 s, exclusion list size was set to 500 and exclusion duration to 60 s.

Phosphopeptides were dissolved in 10 μL of 5 % ACN/0.5 % FA and 5 μL were loaded on the column. The LC-MS analysis was done as the analysis of total protein digest with a few modifications. The gradient was 150 min from 2 to 40 % of mobile phase B and multistage activation was enabled with neural losses of 24.49, 32.66, 48.999, 97.97, 195.94, and 293.91 Da for the 10 most intense precursor ions. Further information about LC-MS analysis for reproducibility of experiments is provided in the supplements (Additional file [13](#MOESM13){ref-type="media"}: Table S11).

Data analysis and statistics {#Sec13}
----------------------------

Peptide identification, phosphosite mapping as well as protein and phosphopeptide quantification were performed with MaxQuant 1.4 ([http://www.maxquant.org](http://www.maxquant.org/) ) \[[@CR80]\] and the Andromeda search algorithm \[[@CR81]\] against the TAIR10 protein database. Total proteomics analysis was done with the following settings: maximum 2 missed cleavages, methionine oxidation, and protein N-terminal acetylation as dynamic modifications were allowed. Mass tolerance for precursors was set to 5 ppm and for fragment masses to 0.8 Da. The maximum FDR was set to 1 % for both peptide and protein levels. Protein quantification was done with a peptide ratio count of, at least, 2. Phosphopeptide identification was performed applying similar settings as in the total protein analysis. Phosphorylation of serine, threonine and tyrosine residues were additionally allowed to occur as dynamic modifications. Because the phosphorylation near a tryptic site could hinder digestion, 3 missed cleavages were allowed. Quantification was done at peptide level. Further data processing was done with the Perseus 1.5 software. Total proteomics data was log~2~ transformed and filtered so that at least in one of the four conditions all values were present. Data was normalized to median of each sample and missing values were replaced with random numbers drawn from normal distribution of each sample. Phosphoproteomics data was handled similarly but additional filtering steps were applied: only phosphopeptides belonging to category I (localization probability \>0.75 and score difference \>5) \[[@CR82]\] were considered for further analyses.

Data evaluation, normalisation and transformation was performed in Microsoft Excel® ([http://www.microsoft.com](http://www.microsoft.com/)). For Principal Component Analysis (PCA) and hierarchical cluster analysis, z-scores (zero mean, unit variance) were calculated for relative protein and phosphopeptide abundance. Metabolite PCA was performed on absolute levels. Analysis of variance (ANOVA) and Student's t-test were performed with the R software (The R Project for Statistical Computing; <http://www.r-project.org/>) (R Core \[[@CR83]\]). PCA and hierarchical cluster analysis was performed within the numerical software environment Matlab® (V8.4.0 R2014b; [www.mathworks.com](http://www.mathworks.com/)) and the toolbox COVAIN \[[@CR84]\]. Protein-protein interaction networks were created using the STRING database for Known and Predicted Protein-Protein Interactions (setting: highest confidence, 0.900; <http://string-db.org/>) (von Mering et al. \[[@CR85]\]).

Availability of supporting data {#Sec14}
-------------------------------

All supporting data are included as additional files.

Additional files {#Sec15}
================

Additional file 1:**Table S1.** Loadings of the metabolite PCA shown in Fig. [2a](#Fig2){ref-type="fig"} of the main document. (XLS 38 kb)Additional file 2:**Figure S1.** Comparison of metabolite levels between non-acclimated and acclimated plants. Ratios were built by dividing the absolute mean values of metabolite levels of Rsch by levels of Cvi, or by dividing absolute mean values of metabolites of acc by na plants. Asterisks indicate significant differences as described in the figure. Grey-coloured metabolites were not experimentally analysed. (TIF 1649 kb)Additional file 3:**Figure S2.** Explained variances of principal components describing the separation by metabolites, protein and phosphoproteins in Fig. [2](#Fig2){ref-type="fig"} of the main document. (TIF 692 kb)Additional file 4:**Table S2.** Loadings of the protein PCA shown in Fig. [2b](#Fig2){ref-type="fig"} of the main document. (XLS 241 kb)Additional file 5:**Table S3.** Cold-induced effects on protein levels of components of the 40S and 60S ribosomal subunits. (XLSX 9 kb)Additional file 6:**Table S4.** Loadings of the phosphoprotein PCA shown in Fig. [2c](#Fig2){ref-type="fig"} of the main document. (XLS 66 kb)Additional file 7:**Table S5.** Normalised experimental data of metabolite, protein and phosphopeptide levels. (XLSX 1210 kb)Additional file 8:**Table S8.** Proteomic and phosphoproteomic components of Cvi and Rsch which were not included in the cold-induced protein-protein interaction network analysis of Fig. [8](#Fig8){ref-type="fig"}. (XLSX 34 kb)Additional file 9:**Table S6.** Components of the acclimation-induced protein-protein interaction network of Rsch shown in Fig. [8b](#Fig8){ref-type="fig"} of the main document. (XLSX 392 kb)Additional file 10:**Table S7.** Components of the acclimation-induced protein-protein interaction network of Cvi shown in Fig. [8c](#Fig8){ref-type="fig"} of the main document. (XLSX 57 kb)Additional file 11:**Table S9.** Protein dynamics related to photosynthetic dark and light reactions. (XLSX 34 kb)Additional file 12:**Table S10.** List of metabolic components, retentions indices and mass-to-charge ratios which were applied for absolute quantification of metabolites. (XLSX 11 kb)Additional file 13:**Table S11.** Proteomics minimal information for reproducibility of experiments. (XLSX 11 kb)
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